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The spectroscopic properties of the doubly heavy spin-1/2 baryons ΞQQ′ , Ξ
′
QQ′ , ΩQQ′ and Ω
′
QQ′ ,
with heavy quarks Q and Q′ being b or/and c, are investigated in cold nuclear matter. In particular,
the behavior of the mass of these particles with respect to the density of the medium in the range ρ ∈
[0, 1.4] ρsat, with ρsat = 0.11
3 GeV 3 being the saturation density of nuclear matter, is investigated.
From the shifts in the mass and vector self energy of the states under consideration, it is obtained
that ΞQQ′ and Ξ
′
QQ′ baryons with two heavy quarks and one u or d quark are affected by the
medium, considerably. It is also seen that the ΩQQ′ and Ω
′
QQ′ states, containing two heavy quarks
and one s quark do not see the dense medium, at all. The value of mass for the Ξcc state obtained
at ρ → 0 limit is nicely consistent with the experimental data. Our results on parameters of other
members can be useful in the search for these states. The obtained results may also shed light on
the future in-medium experiments aiming to search for the behavior of the doubly heavy baryons
under extreme conditions.
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I. INTRODUCTION
Although the doubly heavy baryons have been pre-
dicted by the quark model many decades ago [1–3], only
the spin−1/2 double-charmed baryon Ξcc has been exper-
imentally observed so far. Many models and approaches
were used before the first observation of the Ξcc state
to understand the structure and spectrum of the dou-
bly heavy baryons. For instance, potential model and
several versions of the bag model were used to calculate
the mass spectrum of baryons with two charmed quarks
surrounded by an ordinary or strange quark in Ref. [4].
The SELEX Collaboration reported the first detection of
Ξ+cc state in the charge decay mode Ξ
+
cc → Λ+c K−π+ in
2002 [5]. The measured mass for this state was 3519± 1
MeV/c2. Then in 2005, the same collaboration confirmed
the same state in the charged decay mode Ξ+cc → pD+K−
[6]. The updated measured mass, 3518± 3 MeV/c2, was
in nice consistency with the previously measured value.
The detection of this state by SELEX Collaboration trig-
gered the theoretical studies devoted to the properties of
the doubly heavy baryons using different approaches and
models. For instance, using double ratios of sum rules
(DRSR), mass-splittings of doubly heavy baryons were
obtained [7]. Using QCD sum rules, the doubly heavy
baryon states were analyzed in Refs. [8–11]. The hy-
percentral constituent quark model (hCQM) was used in
Refs. [12, 13] to obtain the mass spectra of doubly heavy
baryons. The mass spectra and radiative decays of dou-
bly heavy baryons were investigated within the diquark
picture in a relativized quark model in Ref. [14]. In Ref.
[15], an extended chromomagnetic model by further con-
sidering the effect of color interaction was used to study
the mass spectra of all the lowest S-wave doubly and
triply heavy-quark baryons. In Refs. [16, 17], the Bethe-
Salpeter equation was applied for the mass spectra of the
doubly heavy baryons.
Among the results of theoretical studies, some of them
were of great importance. These studies showed that
the value of mass measured by SELEX Collaboration for
the Ξcc state remains considerably below the theoretical
predictions. Thus, in Ref. [8], the mass of this state was
found as 3.72±0.20 GeV, which its central value remains
roughly 200 MeV above the experimental result. Moti-
vated by these analyses the LHCb Collaboration started
to study this state. In 2017, this collaboration announced
the observation of a Ξ++cc state in Λ
+
c K
−π+π− invariant
mass, where the Λ+c baryon was reconstructed in the de-
cay mode pK−π+ [18]. The measured value for the mass
of Ξ++cc state by LHCb Collaboration was 3621.40 ± 72
(stat.) ± 0.27 (syst.) ± 14(Λ+c ) MeV/c2, where the last
uncertainty was due to the limited knowledge of the Λ+c
baryon mass. As is seen, the result of LHCb Collabo-
ration differs considerably from the SELEX data. This
tension was the starting points of a rush theoretical in-
vestigations deciding to explain the existing discrepancy
between the SELEX and LHCb results. In Ref. [19],
the authors showed that the intrinsic heavy-quark QCD
mechanism for the hadroproduction of heavy hadrons at
large xF can resolve the apparent conflict between mea-
surements of double-charm baryons by the SELEX fixed-
target experiment and the LHCb experiment at the LHC
collider.
We hope that, by the development of experimental fa-
cilities, we will be able to detect other members of the
doubly heavy baryons. The production mechanism of
doubly heavy baryons has an important place in the lit-
erature [19–36]. Naturally, a doubly heavy baryon can
be produced using a two-step procedure: i-) in a hard
interaction, a double heavy diquark is produced pertur-
2batively, ii-) and then it is transformed to the baryon
within the soft hadronization process [34].
Understanding the hadronic properties at finite tem-
perature/density and under extreme conditions are of
great importance. Such investigations can help us in the
understanding of the natures and internal structures of
the dense astrophysical objects like neutron stars as well
as in analyzing the results of the heavy ion collision and
the in-medium experiments. The spectroscopic param-
eters of the light and single-heavy baryons in medium
have been widely investigated (for instance see [37–44]
and references therein). Although, the doubly heavy
baryons have been widely studied in vacuum, the number
of works devoted to the investigations of the properties
of these baryons in a dense medium is very limited (for
instance see Refs. [45, 46]). In Ref. [46] We investigated
the fate of the doubly heavy spin-3/2 Ξ∗QQ′ and Ω
∗
QQ′
baryons in cold nuclear matter. The shifts on the phys-
ical parameters of these states due to nuclear medium
were calculated at saturation medium density and com-
pared with their vacuum values. In the present study, we
investigate the doubly heavy spin-1/2 ΞQQ′ , Ξ
′
QQ′ , ΩQQ′
and Ω′QQ′ baryons in dense medium by the technique of
the in-medium QCD sum rule. In particular, we discuss
the behavior of different parameters related to the states
under consideration with respect to the changes in the
medium density in the range ρ ∈ [0, 1.4] ρsat. We re-
port the values of the masses and vector self energies of
the spin-1/2 doubly heavy baryons at saturation nuclear
matter density, ρsat = 0.11
3 GeV 3, and compare the ob-
tained results for the masses with their vacuum values in
order to determine the order of shifts in the masses due to
the dense medium. The obtained results may shed light
on the production and study of the in-medium proper-
ties of these baryons in future experiments. Production
of the doubly heavy baryons in dense medium requires
simultaneous production of two pairs of the heavy quark-
antiquark. A heavy quark from one pair, then, needs to
come together with the heavy quark of the other pair,
with the aim of forming a heavy diquark with the total
spin 1 or 0. Meeting of the heavy diquark with a light
quark forms a doubly heavy baryon in medium. These
processes need that the quarks be in the vicinity of each
other both in the ordinary and rapidity spaces.
The rest of the paper is organized as follows. In next
section we derive the in-medium QCD sum rules for the
masses and vector self-energies of the doubly heavy spin-
1/2 ΞQQ′ , Ξ
′
QQ′ , ΩQQ′ and Ω
′
QQ′ baryons. In section
III, using the input parameters, first, we fix the auxiliary
parameters entering the sum rules by the requirements
of the model. We discuss the behaviors of the phys-
ical quantities under consideration with respect to the
changes in the density and calculate their values at satu-
ration nuclear matter density. We compare the values of
the masses obtained at ρ → 0 limit with other theoreti-
cal predictions as well as the existing experimental result
on the doubly-charmed Ξcc state. Section IV is devoted
to the discussions and comments. We present the in-
medium light and heavy quarks propagators used in the
calculations together with their ingredients: in-medium
quark, gluon and mixed condensates in Appendix A. We
reserve the Appendix B to present the in-medium input
parameters used in the numerical analyses.
II. SUM RULES FOR THE IN-MEDIUM
PARAMETERS OF THE SPIN-1/2 DOUBLY
HEAVY BARYONS
The aim of this section is to find the masses and vector
self-energies of the doubly heavy spin-1/2 ΞQQ′ , Ξ
′
QQ′ ,
ΩQQ′ and Ω
′
QQ′ baryons in terms of QCD degrees of free-
dom as well as the auxiliary parameters entering the cal-
culations. To this end, we employ the in-medium QCD
sum rule approach as one of the powerfull and predic-
tive non-perturbative methods in hadron physics. Here
baryons without a prime refer to the symmetric states
with respect to the exchange of two heavy-quark fields
and those with a prime to the asymmetric states. For
the classification of the ground state spin-1/2 and spin-
3/2 baryons one can see for instance Ref. [46].
For the calculations of the physical parameters of the
baryons under consideration the following in-medium
correlation function is used:
ΠS(A)(p) = i
∫
d4xeip·x〈ψ0|T [JS(A)(x)J¯S(A)(0)]|ψ0〉,
(1)
where p is the external four-momentum of the double
heavy baryons, |ψ0〉 is the ground state of the nuclear
medium and T is the time ordering operator. As we men-
tioned above, for the doubly heavy spin-1/2 baryons, the
interpolating currents can be symmetric (JS) or anti-
symmetric (JA) with respect to the exchange of two
heavy-quark fields. Considering the quantum numbers
of the doubly heavy spin-1/2 baryons, the general forms
of the symmetric and anti-symmetric interpolating cur-
rents can be written as
3JS =
1√
2
ǫabc
{(
QaTCqb
)
γ5Q
′c +
(
Q′aTCqb
)
γ5Q
c + β
[(
QaTCγ5q
b
)
Q′c +
(
Q′aTCγ5q
b
)
Qc
]}
,
JA =
1√
6
ǫabc
{
2
(
QaTCQ′b
)
γ5q
c +
(
QaTCqb
)
γ5Q
′c −
(
Q′aTCqb
)
γ5Q
c + β
[
2
(
QaTCγ5Q
′b
)
qc
+
(
QaTCγ5q
b
)
Q′c −
(
Q′aTCγ5q
b
)
Qc
]}
, (2)
where a, b and c are color indices, C is the charge conju-
gation operator, β is an arbitrary mixing parameter and
q is a light quark field. In table (I), we present the quark
flavors of the doubly heavy spin−1/2 baryons.
Baryon q Q Q′
ΞQQ′ or Ξ
′
QQ′ u or d b or c b or c
ΩQQ′ or Ω
′
QQ′ s b or c b or c
TABLE I: The quark flavors of the doubly heavy spin−1/2
baryons.
The correlation function in Eq. (1) can be calculated
in two different ways: in terms of hadronic parameters
called phenomenological (or physical) side and in terms of
QCD parameters like quark masses as well as in-medium
quark, gluon and mixed condensates called QCD (or the-
oretical) side. By matching the coefficients of the selected
structures from both sides, one can get the sum rules
for different physical observables. The calculations are
started in x-space and then they are transferred to the
momentum space. The Borel transformation is applied
to both sides with the aim of suppressing the contribu-
tions of the higher states and continuum. As last step, a
continuum subtraction procedure is applied with accom-
pany of the quark-hadron duality assumption.
On the phenomenological side, the correlation func-
tion is saturated with a complete set of the in-medium
hadronic state carrying the same quantum numbers as
the related interpolating current. By performing the in-
tegral over four−x, we get
ΠS(A)(p) = −〈ψ0|J
S(A)(0)|B(p∗, s)〉〈B(p∗, s)|J¯S(A)(0)|ψ0〉
p∗2 −m∗2 + ..., (3)
where dots are used to show the contributions of the
higher states and continuum. The ket |B(p∗, s)〉 repre-
sents the doubly heavy spin-1/2 baryon state with spin s
and the in-medium momentum p∗. Here m∗ is the modi-
fied mass of the same state due to the dense medium. To
proceed, the following matrix elements are defined:
〈ψ0|JS(A)(0)|B(p∗, s)〉 = λ∗u(p∗, s)
〈B(p∗, s)|J¯S(A)(0)|ψ0〉 = λ¯∗u¯(p∗, s) (4)
where λ∗ is the modified coupling strength of the baryon
to nuclear medium and u(p∗, s) is the in-medium Dirac
spinor. After inserting Eq. (4) into Eq. (3) and perform-
ing summation over spins, we get the following expression
for the phenomenological side of the correlation function:
ΠS(A)(p) = −λ
∗2(6p∗ +m∗)
p∗2 −m∗2 + ... = −
λ∗2
6p∗ −m∗ + ...
= − λ
∗2
(pµ − Σµυ)γµ −m∗ + ..., (5)
where Σµυ is written in terms of the vector self en-
ergy the doubly heavy spin-1/2 baryonic state (Συ) as:
Σµυ = Συu
µ+Σ′υp
µ with uµ being the four-velocity of the
nuclear medium and Σ′υ is ignored because of its small
value [47]. We shall work in the rest frame of the medium,
uµ = (1, 0).
One can decompose the correlation function in terms
of different structures as
ΠS(A)(p) = Π
S(A)
p/ (p
2, p0)p/+Π
S(A)
u/ (p
2, p0)u/
+ Π
S(A)
U (p
2, p0)U + ...,
(6)
where U is the unit matrix and p0 is the energy of the
quasi-particle. The coefficients of different structures, i.e.
the the invariant amplitudes Π
S(A)
i (p
2, p0) with i = p/, u/
4and U in above relation are obtained as
Π
S(A)
p/ (p
2, p0) = −λ∗2 1
p2 − µ2 ,
Π
S(A)
u/ (p
2, p0) = +λ
∗2 Συ
p2 − µ2 ,
Π
S(A)
U (p
2, p0) = −λ∗2 m
∗
p2 − µ2 , (7)
where µ2 = m∗2 −Σ2υ +2p0Συ. After applying the Borel
transformation with respect to p2, we obtain
BˆΠ
S(A)
p/ (p
2, p0) = λ
∗2e−µ
2/M2 ,
BˆΠ
S(A)
u/ (p
2, p0) = −λ∗2Συe−µ
2/M2 ,
BˆΠ
S(A)
U (p
2, p0) = λ
∗2m∗e−µ
2/M2 , (8)
whereM2 is the Borel mass parameter to be fixed later.
On the QCD side, we insert the explicit forms of the
interpolating currents into the currelation function and
contract the quark fields via the Wick theorem, as a re-
sult of which the following expressions for the symmet-
ric and anti-symmetric parts are obtained in terms of
the in-medium light quark (Sijq ) and heavy quark (S
ij
Q )
propagators [8]:
ΠS(p) = iκǫabcǫa′b′c′
∫
d4xeip·x
{
− γ5Scb
′
Q S˜
ba′
q S
ac′
Q′ γ5 − γ5Scb
′
Q′ S˜
ba′
q S
ac′
Q γ5 + γ5S
cc′
Q′ γ5Tr
[
Sab
′
Q S˜
ba′
q
]
+ γ5S
cc′
Q γ5Tr
[
Sab
′
Q′ S˜
ba′
q
]
+ β
(
− γ5Scb
′
Q γ5S˜
ba′
q S
ac′
Q′ − γ5Scb
′
Q′ γ5S˜
ba′
q S
ac′
Q − Scb
′
Q S˜
ba′
q γ5S
ac′
Q′ γ5
− Scb′Q′ S˜ba
′
q γ5S
ac′
Q γ5 + γ5S
cc′
Q′ Tr
[
Sab
′
Q γ5S˜
ba′
q
]
+ Scc
′
Q′ γ5Tr
[
Sab
′
Q S˜
ba′
q γ5
]
+ γ5S
cc′
Q Tr
[
Sab
′
Q′ γ5S˜
ba′
q
]
+ Scc
′
Q γ5Tr
[
Sab
′
Q′ S˜
ba′
q γ5
])
+ β2
(
− Scb′Q γ5S˜ba
′
q γ5S
ac′
Q′ − Scb
′
Q′ γ5S˜
ba′
q γ5S
ac′
Q + S
cc′
Q′ Tr
[
Sba
′
q γ5S˜
ab′
Q γ5
]
+ Scc
′
Q Tr
[
Sba
′
q γ5S˜
ab′
Q′ γ5
])}
ψ0
, (9)
ΠA(p) =
i
6
ǫabcǫa′b′c′
∫
d4xeip·x
{
2γ5S
cb′
Q S˜
aa′
Q′ S
bc′
q γ5 + γ5S
cb′
Q S˜
ba′
q S
ac′
Q′ γ5 − 2γ5Sca
′
Q′ S˜
ab′
Q S
bc′
q γ5
+ γ5S
cb′
Q′ S˜
ba′
q S
ac′
Q γ5 − 2γ5Sca
′
q S˜
ab′
Q S
bc′
Q′ γ5 + 2γ5S
ca′
q S˜
bb′
Q′ S
ac′
Q γ5 + 4γ5S
cc′
q γ5Tr
[
Sab
′
Q S˜
ba′
Q′
]
+ γ5S
cc′
Q′ γ5Tr
[
Sab
′
Q S˜
ba′
q
]
+ γ5S
cc′
Q γ5Tr
[
Sab
′
Q′ S˜
ba′
q
]
+ β
(
2γ5S
cb′
Q γ5S˜
aa′
Q′ S
bc′
q + γ5S
cb′
Q γ5S˜
ba′
q S
ac′
Q′
− 2γ5Sca
′
Q′ γ5S˜
ab′
Q S
bc′
q + γ5S
cb′
Q′ γ5S˜
ba′
q S
ac′
Q − 2γ5Sca
′
q γ5S˜
ab′
Q S
bc′
Q′ + 2γ5S
ca′
q γ5S˜
bb′
Q′ S
ac′
Q
+ 2Scb
′
Q S˜
aa′
Q′ γ5S
bc′
q γ5 + S
cb′
Q S˜
ba′
q γ5S
ac′
Q′ γ5 − 2Sca
′
Q′ S˜
ab′
Q γ5S
bc′
q γ5 + S
cb′
Q′ S˜
ba′
q γ5S
ac′
Q γ5
− 2Sca′q S˜ab
′
Q γ5S
bc′
Q′ γ5 + 2S
ca′
q S˜
bb′
Q′ γ5S
ac′
Q γ5 + 4γ5S
cc′
q Tr
[
Sab
′
Q γ5S˜
ba′
Q′
]
+ 4Scc
′
q γ5Tr
[
Sab
′
Q S˜
ba′
Q′ γ5
]
+ γ5S
cc′
Q′ Tr
[
Sab
′
Q γ5S˜
ba′
q
]
+ Scc
′
Q′ γ5Tr
[
Sab
′
Q S˜
ba′
q γ5
]
+ γ5S
cc′
Q Tr
[
Sab
′
Q′ γ5S˜
ba′
q
]
+ Scc
′
Q γ5Tr
[
Sab
′
Q′ S˜
ba′
q γ5
])
+ β2
(
2Scb
′
Q γ5S˜
aa′
Q′ γ5S
bc′
q + S
cb′
Q γ5S˜
ba′
q γ5S
ac′
Q′ − 2Sca
′
Q′ γ5S˜
ab′
Q γ5S
bc′
q + S
cb′
Q′ γ5S˜
ba′
q γ5S
ac′
Q
− 2Sca′q γ5S˜ab
′
Q γ5S
bc′
Q′ + 2S
ca′
q γ5S˜
bb′
Q′ γ5S
ac′
Q + 4S
cc′
q Tr
[
Sba
′
Q′ γ5S˜
ab′
Q γ5
]
+ Scc
′
Q′ Tr
[
Sba
′
q γ5S˜
ab′
Q γ5
]
+ Scc
′
Q Tr
[
Sba
′
q γ5S˜
ab′
Q′ γ5
])}
ψ0
, (10)
where S˜ = CSTC; and κ = 1 for Q = Q′ cases and
κ = 12 for the baryons with Q 6= Q′. The sub-index
ψ0 represents that the calculations are done in a dense
medium. The explicit expressions of the in-medium light
and heavy quark propagators together with their ingre-
dients including the in-medium quark, gluon and mixed
condensates are presented in Appendix A.
On QCD side, the invariant amplitudes Π
S(A)
i (p
2, p0)
corresponding to different structures in Eq. (6) can be
5represented as the following dispersion integral:
Π
S(A)
i (p
2, p0) =
∫ ∞
(mQ+mQ′)
2
ρ
S(A)
i (s, p0)
s− p2 ds, (11)
where ρ
S(A)
i (s, p0) are the corresponding two-point spec-
tral densities, which can be obtained from the imaginary
parts of the correlation function. In the QCD side, the
main goal is to calculate these spectral densities. To this
end, we use the explicit forms of the in-medium light
and heavy quarks propagators. By performing the inte-
gration over four−x, we transfer the calculations to the
momentum space. But before that we use the following
expression in order to rearrange the obtained expressions:
1
(x2)m
=
∫
dDk
(2π)D
e−ik·xi(−1)m+12D−2mπD/2
× Γ[D/2−m]
Γ[m]
(
− 1
k2
)D/2−m
, (12)
which leads to obtain expressions with three four-
dimensional integrals. It is very straightforward to per-
form the integral over four−x leading to a Dirac Delta
function. The resultant Dirac Delta function is used
to perform the second four-integral. Finally, the re-
maining four-integral is performed using the Feynman
parametrization tool, which leads to the following equal-
ity as an example:
∫
d4ℓ
(ℓ2)m
(ℓ2 +∆)n
=
iπ2(−1)m−nΓ[m+ 2]Γ[n−m− 2]
Γ[2]Γ[n](−∆)n−m−2 .
(13)
To be able to obtain the imaginary parts corresponding
to different structures, the following equality is applied:
Γ
[D
2
− n
](
− 1
∆
)D/2−n
=
(−1)n−1
(n− 2)! (−∆)
n−2ln[−∆],
(14)
where ln[−∆] = iπ + ln[∆] and the condition ∆ > 0
brings constraints on the limits of the integrals over the
Feynman parameters. As examples, for the symmetric
case of the correlation function, the spectral densities
ρSi (s, p0) corresponding to different structures are ob-
tained as
ρSp/ (s, p0) =
3
32768ξ6π12
∫ 1
0
dz
∫ 1−z
0
dw
{
ξ2m4Qwz(w + z)
[
3
(
β(5β + 2) + 5
)
(w + z − 1)(w + z)− 2ξ(β − 1)2
]
+ 2ξm2Qsw
2z2(w + z − 1)
[
ξ(β − 1)2 − 4(β(5β + 2) + 5)(w + z − 1)(w + z)]+ 5[β(5β + 2)
+ 5
]
s2w3z3(w + z − 1)3 − π
2
2
ξ2〈αs
π
G2〉ρwz(w + z − 1)
[(
β(3β + 2) + 3
)
w2 + w
(
β(β(7z − 3)
+ 6z − 2) + 7z − 3)+ (β(3β + 2) + 3)(z − 1)z]
}
Θ[L(s, z, w)] +
1
384π6
∫ z2
z1
dz
{
9
2
(β2 − 1)mQ〈u¯u〉ρ
+ (z − 1)z
[
4(3β2 + β + 3)mq〈u¯u〉ρ − 3
(
β(3β + 2) + 3
)
p0〈u†u〉ρ −
(
β(3β − 2) + 3)〈u†iD0u〉ρ]
}
,
(15)
ρSu/(s, p0) = −
1
384π6
∫ z2
z1
dz
{
9
2
(β2 − 1)mqmQ〈u†u〉ρ − (z − 1)z
[
3β2p0
(
mq〈u¯u〉ρ − 4〈u†iD0u〉ρ
)
+ β
(
3〈u¯gsσGu〉ρ − 2mqp0〈u¯u〉ρ + 8p0〈u†iD0u〉ρ − 6s〈u†u〉ρ
)
+ 3p0
(
mq〈u¯u〉ρ − 4〈u†iD0u〉ρ
)]}
,
(16)
6ρSU (s, p0) =
9(β2 − 1)
16384ξ4π12
∫ 1
0
dz
∫ 1−z
0
dw
{
2mQs
2w2z2(w + z − 1)2(w + z)
ξ
− 3m3Qswz(w + z − 1)(w + z)2
+ ξm5Q(w + z)
3 − π
2
18
〈αs
π
G2〉ρmQ
[
z2
(
ξ(8w − 1) + 2w3
)
+ 2wz
(
ξ(4w − 3) + (w − 1)w2
)
+ (w − 1)w2(ξ − 4w2) + z3
(
ξ + 2(w − 1)w
)
+ 2(w + 2)z4 − 4z5
]}
Θ[L(s, z, w)]
+
1
4096π6
∫ z2
z1
dz
{
− 16(β2 − 1)mQ
[
3mq〈u¯u〉ρ − 2p0〈u†u〉ρ
]
+ 8(β − 1)2(z − 1)z
[
3〈u¯gsσGu〉ρ
+ 8mqp0〈u†u〉ρ − 6s〈u¯u〉ρ
]
+ 48(β + 1)2m2Q〈u¯u〉ρ + (β − 1)2〈u¯gsσGu〉ρ
}
, (17)
where Θ[L(s, z, w)] is the unit-step function and
L(s, z, w) =
−
(w − 1)
[
m2Qwξ + z
(
m2Qξ − sw(w + z − 1)
)]
ξ2
,
ξ = w2 + w(z − 1) + (z − 1)z,
z1 =
s−
√
s2 − 4m2Qs
2s
,
z2 =
s+
√
s2 − 4m2Qs
2s
. (18)
After applying the Borel transformation on the vari-
able p2 to the QCD side and performing the continuum
subtraction, we match the coefficients of different struc-
tures from the physical as well as the QCD sides of the
correlation function. As a result, we get the following
in-medium sum rules
λ∗2e−µ
2/M2 =
∫ s∗
0
(mQ+mQ′ )
2
dsρ
S(A)
p/ (s, p0)e
−s/M2 ,
−λ∗2Συe−µ
2/M2 =
∫ s∗
0
(mQ+mQ′ )
2
dsρ
S(A)
u/ (s, p0)e
−s/M2 ,
λ∗2m∗e−µ
2/M2 =
∫ s∗
0
(mQ+mQ′ )
2
dsρ
S(A)
U (s, p0)e
−s/M2 ,
(19)
where s∗0 is the in-medium continuum threshold. By si-
multaneous solving of these coupled sum rules, we get
the physical quantities in terms of the QCD degrees of
freedom as well as the in-medium auxiliary parameters.
III. NUMERCAL RESULTS
In this section, we numerically analyze the sum rules
obtained in previous section in order to estimate the
in-medium and vacuum mass as well as the vector self
energy of the doubly heavy spin-1/2, ΞQQ′ and ΩQQ′
baryons. To this end, we need numerical values of in-
put parameters like quark masses and in-medium as well
as vacuum condensates including quark, gluon and mixed
condensates of different dimensions, whose values are pre-
sented in Appendix B.
The sum rules for the physical quantities in Eq. (19)
contain three auxiliary parameters: the Borel mass pa-
rameterM2, the in-medium continuum threshold s∗0 and
mixing parameter β entering the general symmetric and
anti-symmetric spin-1/2 currents. We shall find their
working regions according to the standard prescriptions
of the method such that the dependence of the physical
quantities on these parameters are mild at these regions.
To this end, we require the pole dominance as well as the
convergence of the series of the operator product expan-
sion. For the Borel mass parameter and the in-medium
continuum threshold the ranges presented in table II for
each channel fulfill these requirements.
Channel M2 (GeV2) s∗0 (GeV
2)
Ξcc, Ωcc [3− 5] [15.4 − 17.0], [16.2 − 17.9]
Ξbc, Ωbc [6− 8] [49.3 − 52.1], [49.7 − 52.6]
Ξ′bc, Ω
′
bc [6− 8] [50.3 − 53.1], [50.4 − 53.3]
Ξbb, Ωbb [8− 12] [105.2 − 109.4], [105.5 − 109.6]
TABLE II: Working regions of the Borel mass M2 and the
in-medium continuum threshold s∗0 for different channels.
For determination of the reliable region of the auxiliary
parameter β, we plot the QCD side of the result obtained
using the structure p/ at Ξcc channel, as an example, as
a function of x in Fig. 1, where we use x = cos θ with
θ = arctanβ to explore the whole region −∞ < β < ∞
by sweeping the region −1 ≤ x ≤ 1. From this figure, we
obtain the following working intervals for x, where the
results are roughly independent of x:
−1 ≤ x ≤ −0.60 and 0.60 ≤ x ≤ 1, (20)
for the vacuum and
−1 ≤ x ≤ −0.25 and 0.25 ≤ x ≤ 1, (21)
7for the medium. Note that, the Ioffe current (β = −1)
with x = −0.71 remains inside the reliable regions both
for vacuum and in-medium cases. It is also clear that the
medium enlarge the reliable regions of β, considerably.
This is one of the main results of the present study.
FIG. 1: Variation of QCD side as a function of x obtained
using the structure p/ at Ξcc channel.
In order to check the pole contribution (PC), as an
example for the Ξcc channel and the structure p/, we plot
PC as a function of M2 at three fixed values of the in-
medium continuum threshold and at saturation nuclear
matter density and x = 0.85 in Fig. 2. From this figure
we obtain PC = 70% and PC = 49% at lower and higher
limits of the Borel parameter, respectively. Our analyses
show also that, with the above working windows for the
auxiliary parameters, the series of sum rules converge,
nicely.
We plot the ratio of the in-medium mass to vacuum
mass, i.e. m∗/m, with respect to M2 for the doubly
heavy ΞQQ′ and ΩQQ′ baryons at average value of the
continuum threshold and at the saturation nuclear mat-
ter density in Fig. 3. This figure shows that in the se-
FIG. 2: PC with respect toM2 for the Ξcc channel and the
structure p/ at ρ = ρsat and x = 0.85.
lected windows forM2,m∗/m for all members show good
stability against the variations of M2. It is also clear
that the ΩQQ′ baryons are not affected by the medium
at the saturation medium density, while the mass of ΞQQ′
baryons reduce to nearly 80% of their vacuum values at
saturation nuclear matter density. Note that the vacuum
masses are obtained from the in-medium calculations in
the limit ρ→ 0.
FIG. 3: The in-medium mass to vacuum mass ratio m∗/m
with respect to Borel massM2 for the spin-1/2 doubly heavy
ΞQQ′ and ΩQQ′ baryons at average value of continuum thresh-
old and at saturation nuclear matter density.
8FIG. 4: The in-medium mass to vacuum mass ratio m∗/m
of the doubly heavy ΞQQ′ and ΩQQ′ baryons with respect to
ρ/ρsat at average values of continuum threshold and Borel
mass parameter.
The main goal of the present study is to investigate the
behavior of the mass of the states under consideration
with respect to the density of the medium. In this accor-
dance, in Fig. 4, we depict the ratio m∗/m with respect
to ρ/ρsat for the doubly heavy ΞQQ′ and ΩQQ′ baryons
at average values of the continuum threshold, Borel mass
parameter and considering the reliable regions of the mix-
ing parameter β. We consider the range ρ ∈ [0, 1.4]ρsat to
investigate the behavior of the masses, where the previ-
ously presented value of ρsat is equivalent to roughly 1/5
of the density of the neutron stars’ core. From this fig-
ure we read that the ΩQQ′ baryons containing two heavy
and one strange quarks do not see the dense medium at
all. Similar behavior is the case for the doubly heavy
Ω′QQ′ baryons. The doubly heavy baryons Ξ
(′)
QQ′ with the
quark contents of two heavy quarks and one up or down
quark, however, are affected by the medium, consider-
ably. Such that, as it is seen from Fig. 4, the mass of
the baryons Ξcc,Ξbc and Ξbb reach to 42%, 40% and 24%
of their vacuum values at ρ/ρsat = 1.4, respectively. At
ρ/ρsat = 1, the in-medium mass to vacuum mass ratios
for these baryons are obtained as 0.81, 0.79 and 0.77, re-
spectively. The negative shifts on the masses due to the
medium show that these baryons are attracted by the
medium, considerably.
The saturation nuclear matter density is an important
point that we would like to present the numerical values
of the modified masses as well as the vector self-energies
at all channels under study. To this end, in table III, we
collect the average values of these quantities at ρ = ρsat
together with the vacuum masses of the doubly heavy
Ξ
(′)
QQ′ and Ω
(′)
QQ′ baryons obtained in the limit ρ → 0.
The uncertainties in the numerical results are due to the
errors in the values of the input parameters as well as the
uncertainties in determination of the working windows of
the auxiliary parameters. By comparison of the vacuum
masses with the masses at saturation point, we see that
Ω
(′)
QQ′ baryons are not aware of the environment. The
negative shifts on the masses of the Ξ
(′)
QQ′ baryons, how-
ever, refer to the strong scalar attractions of these states
by the dense medium. The baryons Ω
(′)
QQ′ gain small vec-
tor self-energies in dense medium compared to the Ξ
(′)
QQ′
baryons that receive large positive vector self-energies re-
ferring to the strong vector repulsion of these states by
the nuclear medium.
m(ρ = 0) m∗(ρ = ρsat) Συ(ρ = ρsat)
Ξcc 3.65 ± 0.05 2.96 ± 0.04 0.71 ± 0.10
Ωcc 3.66 ± 0.09 3.66 ± 0.09 0.12 ± 0.03
Ξbc 6.49 ± 0.04 5.17 ± 0.03 1.07 ± 0.15
Ωbc 6.51 ± 0.05 6.51 ± 0.05 0.14 ± 0.04
Ξbb 9.17 ± 0.06 6.97 ± 0.05 1.45 ± 0.20
Ωbb 9.20 ± 0.06 9.19 ± 0.06 0.14 ± 0.04
Ξ′bc 6.53 ± 0.09 5.01 ± 0.07 1.05 ± 0.14
Ω′bc 7.01 ± 0.04 6.98 ± 0.04 0.13 ± 0.04
TABLE III: The average modified mass and vector self-
energies of the doubly heavy Ξ
(′)
QQ′
and Ω
(′)
QQ′
baryons in GeV
at the saturation nuclear matter density together with their
vacuum mass values.
9m(ρ = 0) PS [8] [10] [11] [12]/ [13] [14] [17]
Ξcc 3.65 ± 0.05 3.72(0.20) 3.63
+0.08
−0.07 4.26 ± 0.19 3.511 3.606 3.63± 0.02
Ωcc 3.66 ± 0.09 3.73(0.20) 3.75
+0.08
−0.09 4.25 ± 0.20 3.650 3.715 3.73± 0.02
Ξbc 6.49 ± 0.04 6.72(0.20) - 6.75 ± 0.05 6.914 - 6.99± 0.02
Ωbc 6.51 ± 0.05 6.75(0.30) - 7.02 ± 0.08 7.136 - 7.09± 0.01
Ξbb 9.17 ± 0.06 9.96(0.90) 10.22
+0.07
−0.07 9.78 ± 0.07 10.312 10.138 10.31 ± 0.01
Ωbb 9.20 ± 0.06 9.97(0.90) 10.33
+0.07
−0.08 9.85 ± 0.07 10.446 10.230 10.37 ± 0.01
Ξ′bc 6.53 ± 0.09 6.79(0.20) - 6.95 ± 0.08 - - 7.01± 0.02
Ω′bc 7.01 ± 0.04 6.80(0.30) - 7.02 ± 0.08 - - 7.10± 0.01
m(ρ = 0) [48] [49] [50] [51] [52] [31] [53]
Ξcc 3.52 ∼ 3.56 3.55 3.48 3.627 ± 0.012 3.660 ± 0.07 3.610 3.642
Ωcc 3.62 ∼ 3.65 3.73 3.59 − 3.740 ± 0.08 3.738 3.732 -
Ξbc 6.83 ∼ 6.85 6.80 6.82 6.914 ± 0.013 6.990 ± 0.09 6.943 -
Ωbc 6.94 ∼ 6.95 6.98 6.93 − 7.060 ± 0.09 6.998 -
Ξbb 10.08 ∼ 10.10 10.10 10.09 10.162 ± 0.012 10.340 ± 0.10 10.143 -
Ωbb 10.18 ∼ 10.19 10.28 10.21 − 10.370 ± 0.10 10.273 -
Ξ′bc - 6.87 6.85 6.933 ± 0.012 7.040 ± 0.09 6.959 -
Ω′bc - 7.05 6.97 − 7.090 ± 0.09 7.032 -
TABLE IV: Vacuum masses of the doubly heavy Ξ
(′)
QQ′
and Ω
(′)
QQ′
baryons in GeV compared to other theoretical predictions.
PS means present study.
At the end of this section, we would like to compare the
vacuum mass values of the spin−1/2 doubly heavy Ξ(′)QQ′
and Ω
(′)
QQ′ baryons obtained from the derived sum rules
in the ρ→ 0 limit with the theoretical predictions as well
as the existing experimental data in Ξcc channel. Table
IV is presented in this respect. As seen from this table,
the results obtained by using different approaches are
over all consistent/close with/to each other within the
errors. There are some channels that some predictions
show considerable differences with other predictions. For
instance in Ξcc channel, the results of Refs. [11] and [50]
differ from the other predictions, considerably. The for-
mer has a prediction a bit larger and the later has the
one a bit smaller than the other theoretical results. Our
prediction on the mass of Ξcc, 3.65 ± 0.05, is in a nice
agreement with the experimental result of LHCb collab-
oration, 3621.40 ± 72 (stat.) ± 0.27 (syst.) ± 14(Λ+c )
MeV/c2 [18]. Our predictions on the mass of other mem-
bers together with the predictions of other theoretical
models can sheld light on the future experiments aim-
ing to hunt the doubly heavy baryons and measure their
properties.
IV. CONCLUDING REMARKS
After the discovery of the Ξ++cc state, as a member of
the doubly heavy spin−1/2 baryon’s family, by LHCb
collaboration in 2017 and the tension between the LHCb
result with the previous SELEX data has put the sub-
ject of doubly heavy baryons at the center of interests in
hadron physics. With the developments in experimental
side, it is expected that other members of the family will
be discovered in near future. Naturally, many theoretical
studies try to report their predictions on the parameters
of the doubly heavy baryons using variety of models and
approaches. The studies are mainly done in the vac-
uum. The present study is the first comprehensive work
discussing these baryons both in vacuum and medium
with finite density. Thus, in the present work, we derive
the masses and vector self energies of the doubly heavy
baryons with both the symmetric and anti-symmetric
currents in terms of the QCD degrees of freedom, den-
sity of the medium, in-medium non-perturbative opera-
tors of different dimensions as well as continuum thresh-
old, Borel mass parameter and mixing parameter β as
the helping parameters entering the calculations. With
the standard prescriptions of the in-medium QCD sum
rules method we restricted the auxiliary parameters to
find their reliable working window. We observed that
the medium enlarges the working window of the mixing
parameter β, considerably. Using the reliable working in-
tervals of the helping parameters we extracted the masses
and vector self-energies of the baryons under considera-
tion at saturated nuclear matter density. It is observed
that the Ω
(′)
QQ′ baryons do not overall see the medium at
all, while the parameters of Ξ
(′)
QQ′ baryons are affected by
the medium considerably. Such that, at saturated nu-
clear matter density, the masses of the baryons Ξcc,Ξbc
and Ξbb reach to 0.81, 0.79 and 0.77 of their vacuum val-
ues, respectively. The negative shifts on the masses due
to the medium show that these baryons are attracted
(scalar self-energy attraction) by the medium. The Ω
(′)
QQ′
baryons gain small vector self-energies at saturated nu-
clear matter density. The positive and large vector self-
energies of the Ξ
(′)
QQ′ baryons indicate that these baryons
endure strong vector repulsion from the medium.
We investigated the behavior of them∗/m with respect
to ρ/ρsat for the doubly heavy spin−1/2 baryons in the
range ρ ∈ [0, 1.4]ρsat. We observed that the masses of
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the doubly heavy Ω′QQ′ baryons remain unchanged even
up to ρ = 1.4ρsat. While the doubly heavy baryons Ξ
(′)
QQ′
are affected by the medium, considerably. Such that the
masses of the baryons Ξcc,Ξbc and Ξbb reach to 42%,
40% and 24% of their vacuum values at the end point,
respectively.
We extracted the masses of all members in ρ→ 0 limit
as well and compared the results with other theoretical
vacuum predictions. Our prediction on the mass of
Ξcc is in a nice agreement with the experimental data
of LHCb collaboration [18]. Our predictions on the
vacuum masses of other members may help experimental
groups in the search for these baryons, which are natural
outcomes of the quark model. Our results on the
in-medium masses and vector-self energies of the doubly
heavy baryons may shed light on the future in-medium
experiments and help physicists in analyzing the results
of such experiments.
Appendix A: The light and heavy quarks propagators and their in-medium ingredients
In this appendix, we present the explicit expressions of the in-medium quarks propagators including their ingredients:
the in-medium quark, gluon and mixed condensates. In the calculations, the light quark propagator is used in the
fixed point gauge,
Sijq (x) =
i
2π2
δij
1
(x2)2
6x− mq
4π2
δij
1
x2
+ χiq(x)χ¯
j
q(0)−
igs
32π2
FAµν(0)t
ij,A 1
x2
[ 6xσµν + σµν 6x] + · · · ,
(22)
where χiq and χ¯
j
q are the Grassmann background quark fields, F
A
µν are classical background gluon fields, and
tij,A = λ
ij,A
2 with λ
ij,A being the standard Gell-Mann matrices. The heavy quark propagator is given as
SijQ (x) =
i
(2π)4
∫
d4ke−ik·x
{
δij
6k −mQ −
gsF
A
µν(0)t
ij,A
4
σµν(6k +mQ) + (6k +mQ)σµν
(k2 −m2Q)2
+
π2
3
〈αsGG
π
〉δijmQ k
2 +mQ 6k
(k2 −m2Q)4
+ · · ·
}
. (23)
By replacing these explicit forms of the light and heavy quark propagators in the correlation function in Eqs. (9-10),
the products of the Grassmann background quark fields and classical background gluon fields, which correspond to
the ground-state matrix elements of the corresponding quark and gluon operators [47] are obtained,
χqaα(x)χ¯
q
bβ(0) = 〈qaα(x)q¯bβ(0)〉ρ,
FAκλF
B
µν = 〈GAκλGBµν〉ρ,
χqaαχ¯
q
bβF
A
µν = 〈qaαq¯bβGAµν〉ρ, (24)
where, ρ is the medium density. The matrix elements in the right hand sides of equations in Eq. (24) contain the
in-medium quark, gluon and mixed condensates, whose explicit forms are given as [47]:
1-) Quark condensate:
〈qaα(x)q¯bβ(0)〉ρ = −δab
12
[(
〈q¯q〉ρ + xµ〈q¯Dµq〉ρ + 1
2
xµxν〈q¯DµDνq〉ρ + ...
)
δαβ
+
(
〈q¯γλq〉ρ + xµ〈q¯γλDµq〉ρ + 1
2
xµxν〈q¯γλDµDνq〉ρ + ...
)
γλαβ
]
,
(25)
2-) Gluon condensate:
〈GAκλGBµν〉ρ =
δAB
96
[
〈G2〉ρ(gκµgλν − gκνgλµ) +O(〈E2 +B2〉ρ)
]
, (26)
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where the term O(〈E2 +B2〉ρ) is neglected because of its small contribution.
3-) Quark-gluon mixed condensate:
〈gsqaαq¯bβGAµν〉ρ = −
tAab
96
{
〈gsq¯σ ·Gq〉ρ
[
σµν + i(uµγν − uνγµ) 6u
]
αβ
+ 〈gsq¯ 6uσ ·Gq〉ρ
[
σµν 6u
+i(uµγν − uνγµ)
]
αβ
− 4
(
〈q¯u ·Du ·Dq〉ρ + imq〈q¯ 6uu ·Dq〉ρ
)[
σµν + 2i(uµγν − uνγµ) 6u
]
αβ
}
,
(27)
where Dµ =
1
2 (γµD/+D/γµ). The modified in-medium different condensates in Eqs. (25-27) are presented as:
〈q¯γµq〉ρ = 〈q¯ 6uq〉ρuµ,
〈q¯Dµq〉ρ = 〈q¯u ·Dq〉ρuµ = −imq〈q¯ 6uq〉ρuµ,
〈q¯γµDνq〉ρ = 4
3
〈q¯ 6uu ·Dq〉ρ(uµuν − 1
4
gµν) +
i
3
mq〈q¯q〉ρ(uµuν − gµν),
〈q¯DµDνq〉ρ = 4
3
〈q¯u ·Du ·Dq〉ρ(uµuν − 1
4
gµν)− 1
6
〈gsq¯σ ·Gq〉ρ(uµuν − gµν),
〈q¯γλDµDνq〉ρ = 2〈q¯ 6uu ·Du ·Dq〉ρ
[
uλuµuν − 1
6
(uλgµν + uµgλν + uνgλµ)
]
−1
6
〈gsq¯ 6uσ ·Gq〉ρ(uλuµuν − uλgµν).
(28)
Appendix B: Numerical inputs
In numerical calculations, the in-medium input parameters are used as: ρsat = 0.11
3 GeV 3, 〈q†q〉ρ = 32ρ, 〈s†s〉ρ = 0,
〈q¯q〉0 = (−0.241)3 GeV 3, 〈s¯s〉0 = 0.8〈q¯q〉0, 〈q¯q〉ρ = 〈q¯q〉0 + σN2mq ρ, σN = 0.059 GeV , mq = 0.00345 GeV , 〈s¯s〉ρ =
〈s¯s〉0+y σN2mq ρ, y = 0.05±0.01, 〈
αs
pi G
2〉0 = (0.33±0.04)4 GeV 4, 〈αspi G2〉ρ = 〈αspi G2〉0−(0.65±0.15)GeV ρ, 〈q†iD0q〉ρ =
0.18 GeV ρ, 〈s†iD0s〉ρ = ms〈s¯s〉ρ4 + 0.02 GeV ρ, 〈q¯iD0q〉ρ = 〈s¯iD0s〉ρ = 0, 〈q¯gsσGq〉0 = m20〈q¯q〉0, 〈s¯gsσGs〉0 =
m20 〈s¯s〉0, m20 = 0.8 GeV 2, 〈q¯gsσGq〉ρ = 〈q¯gsσGq〉0 + 3 GeV 2 ρ, 〈s¯gsσGs〉ρ = 〈s¯gsσGs〉0 + 3y GeV 2 ρ, 〈q†gsσGq〉ρ =
−0.33 GeV 2 ρ, 〈q†iD0iD0q〉ρ = 0.031 GeV 2 ρ − 112 〈q†gsσGq〉ρ, 〈s†gsσGs〉ρ = −0.33y GeV 2 ρ, 〈s†iD0iD0s〉ρ =
0.031y GeV 2 ρ − 112 〈s†gsσGs〉ρ, mu = 2.2+0.5−0.4 MeV , md = 4.7+0.5−0.3 MeV , ms = 0.13 GeV , mb = 4.78 ± 0.06 GeV
and mc = 1.67± 0.07GeV . Note that, at dense medium, each condensate is expanded up to the first order in nucleon
density as 〈Oˆ〉ρ = 〈Oˆ〉0 + 〈Oˆ〉Nρ, where 〈Oˆ〉0 is the vacuum expectation value of the operator Oˆ and 〈Oˆ〉N is its
expectation value between one-nucleon states [47, 54, 55].
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